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SURFACE ZnSe:Ca LAYERS
WITH HOLE CONDUCTIVITY

The authors investigate the effect of treating n-ZnSe substrates with boiling aqueous Ca(NO,), suspension
on their electrical and luminescent properties. Base substrates were cut from bulk pure zinc selenide
crystals grown from a stoichiometric melt by the Bridgman method. It was found that the Ca-doping
of the substrates causes an almost complete “quenching” of the low-energy orange emission band with a

maximum near ho,,, .
band.
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Despite the fact that zinc selenide has all the
necessary physical and technological parameters
for creating devices and instruments for short-wave
electronics, this material still remains outside the
scope of mainstream research. The main reason
for this is that obtaining crystals and (or) lay-
ers with hole conductivity and preferential edge
luminescence in the room temperature range is
technologically difficult [1]. This is due to the
large number of intrinsic and uncontrollable im-
purity defects, as well as the tendency of 11— VI
compounds to self-compensate, which ultimately
leads to preferential electron conductivity of
ZnSe [2]. Moreover, a theoretical analysis of the
defect formation mechanisms in cadmium and
zinc sulfoselenides allowed the authors of [3] to
determine the temperature value (700 K), above
which it is impossible to obtain impurity hole
conductivity in these materials using traditional
equilibrium methods. In such a case, therefore,
p-type layers must be created by lower-temperature
nonequilibrium methods — laser annealing, ion
implantation, annealing in activated chalcogen va-
pors (or a combination thereof) [2]. A significant
breakthrough in obtaining p-ZnSe was made by
the authors of [4, 5], who suggested doping ZnSe
layers created by molecular-beam epitaxy with
nitrogen, activated by a radio-frequency discharge.
It is this technology that made it possible to cre-
ate the first blue-green laser structures based on
IT— VI compounds [6].

Further studies have shown that the efficiency
of doping with the desired type of impurity (ac-

~ 1,95 eV and a significant increase in the efficiency of the edge blue luminescence

ceptor or donor) can be significantly improved
by the simultaneous introduction of an opposite
type of impurity [7, 8]. On the other hand, the
end result of this co-doping is difficult to predict,
since the complex process of defect formation
depends on many factors, i.e., the technology for
producing the base material and the ensemble of
point defects, the method and mode of introducing
compensating impurities, as well as their type and
combinations. etc. In this regard, all the methods
discussed above are far from simple, hard to pre-
dict theoretically, require complex and expensive
equipment, as well as extra annealing of defects
created due to the exposure to laser or ion fluxes.

With this in mind, doping these compounds
with isovalent impurities (IVIs) exhibiting a sig-
nificantly different behavior from that of typical
donor and acceptor impurities [4, 5, 9] may be
promising. One of the features of an IVI is that
it generates its intrinsic point defects (IPD) of a
certain type, not always creating their own local
levels in the forbidden zone of the semiconductor.
The type of TPD (donor or acceptor) determined
by the electronegativity factor X, and the atom
of a semiconductor compound replacing it, and the
concentration of the resulting IPD can be commen-
surate with the concentration of the introduced IVI
[6]. Using the results of [5, 6], we can conclude
that inequation X, < X, must be fulfilled to
generate self-defective acceptor centers. This con-
dition is true for a number of elements from group
IT of the periodic table (Be, Mg, Ca, Ba), whose
integration into the cationic (zinc) ZnSe sublattice
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stimulates the appearance of additional zinc vacan-
cies V, and interstitial selenium Sei. Our choice
of calcium as an IVT is based on the fact that the
difference in the electronegativities of Ca and Zn
are fairly strong [5], and the solubility of calcium
salts in water is the highest compared to similar
salts of the other elements mentioned above [10].

Another feature of the IVI is an increase in the
edge radiation efficiency, whether the energy zone
structure is direct or indirect [11, 12]. This effect,
in particular, is observed experimentally in single-
crystal CdTe and ZnSe substrates doped with
group II elements with magnesium and calcium [7,
15]. Note that, regardless of the type of IVI used
(Mg and Ca) and the method of its introduction
(vapor phase or solution), the luminescence spectra
is dominated by the edge emission band at a doped
substrates temperature of 300 K. In our opinion,
the conclusions the authors of these works made
about the hole conductivity of the obtained layers
was not sufficiently substantiated.

Thus, in this study, we analyzed the electro-
physical properties of the ZnSe:Ca diffusion layers,
using the above-considered mechanisms for the
formation of acceptor centers and the determina-
tion of their main parameters.

Samples and research methods

The substrates were 4x4x1 mm plates cut from
a bulk ZnSe crystal grown from a stoichiometric
composition melt. In the room temperature range,
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Fig. 1. I—V characteristics of the ZnSe:Ca layer with
Ni contacts (1) and the substrate with In contacts (2)
obtained at 300 K

(insert presents a schematic drawing of the substrate after
annealing)

the substrates had a weak electronic conductivity
of 6, = 107 Q ecm™'. Before doping, the plates
underwent mechanical and chemical polishing in
solution CrO5:HCI = 2:3, which gave their surface
a mirror-like aspect. Doping was carried out by an
hour-long annealing of the substrates in a boiling
aqueous suspension of the Ca(NO,), salt. After
that, their surface layers changed the electron
conductivity to the hole one, which is confirmed
by the signs of thermoelectric power and by the
fact that the contact becomes rectifying. Then,
Ni was sprayed onto one of the large sides of the
plates in strips, which served as ohmic contacts
(OC) to the finial layer. A schematic representa-
tion of the substrates that have passed the stage
of annealing and OC deposition is shown in
Fig. 1 (see insert).

The linearity and symmetry of the current-
voltage characteristics (/ — V) shown in Fig. 1 of
the Ni contacts confirms their resistivity and the
hole conductivity of the obtained layers (for clar-
ity, the values of the parameters of dependence 2
are multiplied by 103). At the same time, similar
contacts to n-ZnSe substrates have non-linear I — V
characteristics, which indicates the presence of
a potential barrier between nickel and zinc sel-
enide layers. Meanwhile, the above experimental
facts are not at all consistent with any of the
metal-semiconductor contact models (Schottky or
Bardeen) [16], which calls for additional research
beyond the scope of this work. Fortunately, this
does not prevent us from determining a number of
parameters of the obtained layers, in particular,
the ionization energy E, and concentration N, of
electrically active acceptor centers. The former can
be found from the temperature dependence of the
specific conductivity.

Electronic conductivity o, or resistance p, are
related to the concentration p, and mobility p, of
equilibrium holes by a simple ratio [17]

o, =1/p, = ewp,. (1)

Note that the dependency o,(T) is actually
determined by the stronger dependence of the fac-
tors in (1) that vary with temperature according
to the law [17]

w(T) ~ T"; py ~ T% *exp(=E,,/ (nkT)). (2)

Here m changes from —3 /2 to 3,/2 depending
on the scattering mechanism, and n=1 or n=2 for
a strongly or slightly compensated semiconduc-
tor. Note also that in our case it is much easier to
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Fig. 2. Temperature dependence of the ZnSe:Ca

diffusion layer resistance

measure the resistance of the layer R , which then
allows you to easily calculate p; (or o,) according
to the formula

pp=1/<5p=Rps/l=Rplod/l, (3)
[, d — length and thickness of the diffusion layer;
I, — width of the Ni contact (see the insert in Fig. 1).

The correctness of this approach is due to the
fact that the diffusion p-layer is isolated from the
substrate by an n-ZnSe i-layer with the lowest pos-
sible conductivity, which electrically unties them.
The ionization energy of electrically active centers
in the p-layer can be found using expressions (1)
and (2), assuming that ¢, (T) is determined mainly
by the exponential factor, i. e., actually by p,(T).
This is confirmed by the data in Fig. 2, which
shows that the experimental dependencies Rp(T),
plotted in coordinates In R, - 103/ T, are straight
lines with the energy slope corresponding to the E,
slope. The calculated values of the activation ener-
gies with regard to the weakly compensated p-layer
are given in Table and correlate with the depth
of the acceptor levels of alkali metal impurities
E,~ 110—120 meV and singly charged zinc va-
cancies Vy, from E, = 150 —200 meV [2, 17]. The
uncontrolled alkali metal impurities are likely to
be present in small quantities in the Ca(NO,), salt.

The main parameters of p-ZnSe:Ca layers

Using the parameters at the break points B, and
B, on the curve of Rp(T) dependence at which the
Fermi level crosses the level of the correspond-
ing center, we can determine the concentration
of electrically active acceptor centers using the
formula [17]

N,=N_ exp(-E, /(kTp)). (4)

Effective density of state in the N, valence
band is easily calculated by the formula

N, =2(2mmkt / 12) (5)

If we know that, for ZnSe, m; =0,6m, [2],
we can calculate that N, = 810! ¢cm™ (for 300 K).
We can then find N, given its dependence on 7" and
the corresponding E, and Tj values (see Table 1).
Due to the absence of a horizontal plot on the
graph of the dependence RP(T) corresponding to
the “depletion” of the acceptor center, the free
holes concentration should be calculated by the
formula

pO ~ \/NuNa1 / 2 - €Xp (_Ea1 / (ZkT)) (6)

Substituting the required values of N, N,
E, and T =300 K into formula (6), we find that
po =810 c¢cm™3, which, given the hole mobility
W, = 30 cm?/(V-s) [2], leads to the conductivity
value 6, =4 Q -em™!. The diffusion layer thickness
is easy to find by substituting the experimental
and calculated parameters [, [, Rp and o, into
expression (3). For this sample, the diffusion layer
thickness was determined to be approximately
0.15 um.

In conclusion, we note that a sufficiently high
hole conductivity of the obtained layers cannot
be due to the new chemical compound formed as
a result of treatment in the Ca(NO,), aqueous
suspension. This is confirmed by a number of ex-
perimental facts. Firstly, the differential reflection
spectra of the base and doped ZnSe substrates are
identical, which indicates that their energy band
structures are the same [15]. Secondly, there is a B
band in the photoluminescence spectra of ZnSe:Ca
layers, the shape and energy position of which
are similar to the edge emission band of the base

Euo | Eg | Tpis [T | Naps N9 Po» d,
Parameter | oV Imev| K | K | em® | em? | em™ pm
Value 110 | 200 | 320 | 380 | 1,6:10'8| 3-10'7 | 8:10'7 | 0,15
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Fig. 3. Luminescence spectra of base (1) and Ca-doped (2)
n-ZnSe substrates obtained at 300 K

substrates (Fig. 3, for clarity, the values of the
parameters of dependence 2 are multiplied by 0.2).

Of particular practical interest is the fact that,
in doped samples, the B-band is dominant, and
its efficiency at 300 K is almost an order of
magnitude greater than it is in base substrates
(see Fig. 3). Therefore, we can assume that the
observed transformation of the emission spectra is
associated with the rearrangement of an ensemble
of point defects in ZnSe, caused by the introduc-
tion of Ca impurity. We also draw attention to
the fact that the exciting radiation of the N,-laser
(%,,~ 0,337 pm) penetrates to a depth of less than
0.1 um, as a result of which it does not excite
the luminescence in the base substrate and the
observed emission spectrum is actually determined
by the ZnSe:Ca layer diffusion (curve 2 in Fig. 3).

Conclusion

Thus, the research results convincingly indicate
the possibility of creating p-type surface layers on
n-ZnSe substrates by annealing them in a boiling
aqueous suspension of Ca(NO,), salt. In this case,
the conductivity is controlled by acceptor centers
with activation energy values of 0.11 eV and
0.2 eV and estimated concentration of 10'® and
3-10'7 cm™3, respectively. The presence of an effec-
tive edge emission band at 300 K in the lumines-
cence spectra of ZnSe:Ca layers is also practically
important. Further research, in our opinion, should
be focused on studying the mechanisms of defect
formation and luminescence, as well as directly
determining the thickness of diffusion ZnSe:Ca
layers and holes in them.
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ITOBEPXHEBI HIAPU ZnSe:Ca 3 AIPKOBOIO ITPOBIAHICTIO

HAocridxkeno eniue 06pobxu niokaaounok n-ZnSe 6 kuniauii 6o0nii cycnensii coni Ca( NO;), na ixui exexmpuuni
ma mominecuenmui eaacmueocmi. Bazosi nioxaadunxu eupisaniuce 3 06’ emnuux 0e300MIWKOBUX KPUCALIE
cenenioy UKy, eupowenux memooom bpidixmena i3 posniasy cmexiomempuunozo ckaady. Bemanoeneno, wo
06pobra npuzeodums 00 noscu 6ipf<060i' nPosIOHOCE NOGEPXHESUX ULAPIE NIOKAAOUHOK, GeauduHd Kol 3d
300 K cxaadae o, ~4 On!-cm™!. Bnauenns enepeii ionizauii eiexmpuuno AKMUSHUX AKUENMOPHUX UeHMPIs,
3uatioeni 3 memnepamypuoi 3anexKHocmi onopy R, rezoeanozo karvyicm wapy ceﬂemay yunKy, dopisnioromo
E, = 0,11 eB ma E_,, = 0,2 eB. 3nauenus 1xmx KOHUEeHMpayill, po3paxoeani 3 GpdxyeaHHﬂM xapcmmepf
HUX MOUOK 3AAMY HA 2pADIKY 3ANeKHOCII R, (T), cxaadaiomy 0asn 6idnosionux yenmpise N, = 1,6:10'8 cu™
ma N,, = 310" cu™. Ouinouna KOHueHmpaum BLIGHUX OIPOK 6 OMPUMAHUX WAPAX 34 300 K aopzemoe
Py = 810" cym?. Bemanosaeno, wo aezysans noOKAAOUHOK KATOUIEM BUKIUKAE NPAKMUUHO NOBHE <2ACTHHS>
HU3LKOEHEPZETNUUHOT NOMAPAHUEBOT CMY2U BUNDOMIHIOBAHHS 3 MAKCUMYMOM nobausy ho, = 1,95 eB i 3naune
36ivuwenns epexmusnocmi Kpauwoeoi 6AaKUmMHOT cMyeu JOMIHECUEeHYil.

max

Knouosi crosa: cenenio yunxy, 0ipkosa nposionicmo, enepeis 10Hi3ayii, KOHYCHMPAyis, JOMIHECUEeHUIs.
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ITOBEPXHOCTHBIE CJIOU ZnSe:Ca C JBIPOUYHOI ITPOBOJNMOCTbBIO

Hecceaedosano enusmnue obpabomiu nooroxex n-ZnSe e xunsueti 600noti cycnensuu coru Ca(NO;), na ux srex-
mpudeckue u aoMunecyenmnvie ceoticmed. baszoevie no00I0KKU 6bIpe3asuct u3 006eMHbIX OECIPUMECHBIX KPU-
CMANA08 CeleHUOd UUHKA, 6bIPAWeHHbIX Memodom Bpudxmena uz pacniasa cmexuoMempuueckozo coCmasd.
Yemanosaeno, umo o6pabomxa npusodum x noseaenuto Obipounoll nposooUMOCHIU NOGEPXHOCHBIX CI0e6 NO0-
n0Kex, seauuuna komopot npu 300 K cocmasasem o, = 4 Onl-em™!. Snauenus snepeuu uonusayuu s1exmpu-
UECKU AKMUGHBLX AKYENMOPHVLX UCHMPOS, HATIDEHHbIE U3 MEMNEPAMYPHOU 3AGUCUMOCIU COnpomusLenus R, ne-
2UPOGANI020 KANLYUEM CLOSL ceaenuda yunxa, pasuvt E,, = 0,11 aB u E_, = 0,2 2B. 3nauenus ux KOHueHmpd*
yutl, paccuumanmwle c yuemOM xapafcmepmnx mouex USJZOMd Ha 3a6ucuMocmu R ( T), cocmasasiom 0as coom-
eemcmeyrowux uyenmpos N, = 1,610’ cu™® u N, = 3107 cm™. Ouenounas KOquHmpauuﬂ €606001bIX Obl-
POK 8 NONYUEHHBIX CIOAX npu 300 K paena p, = 8 1 0"7 cm3. Yemanosaeno, umo zezuposanue nO0N0KEK KATb-
Uuem 8bl3vi8dem NPAKMUUECKU NOJIHOe <2dULeHUE» HUIKOIHEP2eMUUeCKOll OPAHKesol NOJIOCHL USAYUeHUS C MAK-
cumymom 66ausu hw,,. = 1,95 3B u 3nauumenvnoe yeeauuenue dppexmuenocmu Kpaesou zoaydol noiocul
JHOMUHECUECHUUU.

max

Kmoueswvie caosa: cenenuod UUHKA, aprOHHaﬂ npoeoaumocmb, IHepZUsl UOHUIAUUU, KOHUEHMPAUUS, TTOMUHECUCHUUS.
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